I. INTRODUCTION
Graphene is a promising substrate material due to the inertness. [1] [2] [3] Its unique electronic structure, 4 , 5 such as a pointlike Fermi surface and linear dispersion of bands near the Fermi level, renders it as a unique material for studying ballistic transport and quantum Hall effect. 6 It can act as a versatile substrate material for nano electronics. 7 It is an attractive material for efficient extraction of light over a wide range of wavelengths enabling for optoelectronic applications. 8 The photoconductivity of graphene is altered by the adsorption of atmospheric gases. 9 This property can be used to develop gas sensors. Apart from these fascinating properties, deposited transition metal clusters on graphene show high catalytic activity. [10] [11] [12] [13] [14] Several experimental studies also exist for the chemical activities of Ni, 15 Co, 16 Pt, [17] [18] [19] [20] [21] Pd, 22 and Rh 23 clusters on different carbon supports.
Although several studies exist for the magnetic properties of graphene-supported clusters of 4d or 5d elements such as Pd or Pt, such studies are still quite limited for clusters of ferromagnetic 3d elements such as Fe, Co, and Ni. In particular, there are few studies on magneto-crystalline anisotropy that is critical for magnetic storage devices. 24, 25 It has been shown that Co dimers adsorbed on graphene show a large magnetic anisotropy. 24 In spite of the fact that many theoretical studies based on density functional theory (DFT) exist for graphene supported Fe, Co, and Ni adatoms and dimers, [26] [27] [28] [29] studies for still larger clusters are limited. 30, 31 For example, Johll et al. 30 and Longo et al. 32 have studied the structural, magnetic, and electronic properties of the graphene supported Fe, Co, and Ni clusters only up to 4 atoms. In this work, we deal with still larger clusters consisting of 13 atoms supported on graphene.
a) E-mail: ssahoo2@vcu.edu It has been reported that presence of carbon vacancies in graphene modifies the physical and chemical properties of graphene significantly. [33] [34] [35] [36] In particular, it has been observed that defect sites act as pinning centers and possess high adsorption energies. 37 This property can be used to manipulate materials at atomistic scale; for example, Wang et al. have used defect sites of graphene for controlled growth of Fe, Co, and Ni nano particles 38 in their experiments. In fact, due to the two-dimensional hexagonal structure, graphene shows several kinds of topological defects 39 such as pentagonal defects, i.e., a local five-membered ring structure (5-m), heptagonal defects, i.e., a local seven-membered ring structure (7-m), or a combination of both, known as the Stone-Wales defect. 40, 41 Using tight-binding molecular dynamics simulations Lee et al. 42 have studied the diffusion, coalescence, and reconstruction of these defects and find that the coalescence of two single vacancies into a double vacancy and thus StoneWales type reconstructions are probabilistic. Their calculations also show that four single vacancies reconstruct into two collective 555-777 defects. In view of all these reports, it is worthwhile to study the influence of vacancy type defects in graphene on the properties of deposited clusters.
In the present study, we have placed the closed geometric shell TM 13 (TM = Fe, Co, and Ni) clusters on both pristine and defective graphene substrates and performed a detailed investigation of the resulting change in geometry, magnetism, and electronic properties of the clusters as well as the substrate. The paper is organized as follows. In Sec. II, we discuss the theoretical method used for our calculations. The results and discussions are in Sec. III which is divided into three subsections. The qualitative features of free TM 13 clusters are discussed in Sec. III A. Section III B contains results of TM 13 clusters adsorbed on pristine and defective graphene sheet with a carbon vacancy. Section III C contains results on TM 13 clusters adsorbed on pristine, 5-m and 7-m type defective graphene flakes. Finally, in Sec. IV, the results are summarized.
II. COMPUTATIONAL METHODS
Calculations have been performed within the framework of DFT using the generalized gradient approximation (GGA). The Perdew-Burke-Ernzerhof (PBE) exchangecorrelation functional 43 is used for the exchange and correlation potential. The calculations are performed using the Vienna ab initio simulation package (VASP), 44, 45 which uses a plane wave basis. The interactions between the core and valence electrons are treated with the projector augmented wave method. 46 The TM 13 clusters are adsorbed on pristine graphene sheet which consists of a supercell constructed from 5 × 3 times the primitive cell of hexagonal graphene and contains 60 C atoms. Periodic boundary condition is applied along two directions of the planar graphene supercell while the direction perpendicular to the graphene is treated with open boundary condition by selecting a large vacuum in order to minimize the image interactions. The geometry optimization is done using the conjugate gradient method. The integration in the Brillouin zone is done through a 2 × 2 × 1 k-points mesh. The self-consistent field calculations are carried out with the energy convergence criterion of 10 −6 eV. The electronic density of states (DOS) are calculated with Gaussian broadening parameter of 0.05 eV and a k-points mesh of 11 × 11 × 1 for graphene sheet.
Graphene flakes (finite chunks of graphene) can be treated as a zero-dimensional system and hence supercell calculations similar to clusters can be performed. In case of the pristine, 5-m and 7-m graphene flakes we used hydrogenterminated clusters C 54 H 18 , C 45 H 15 , and C 63 H 21 , respectively. A supercell size of 23 × 23 × 15 Å 3 is used for pristine and 5-m graphene flakes and 26 × 26 × 15 Å 3 supercell size is used for 7-m graphene flake in order to minimize the interaction between the periodic images. The cluster calculations are done at the -point of the Brillouin zone.
III. RESULTS AND DISCUSSION

A. Properties of TM 13 clusters
The closed shell clusters with icosahedral geometry are highly symmetric and show enhanced stability compared to other geometries. [47] [48] [49] [50] Thus, we have selected these closedshell TM 13 clusters for our studies to adsorb on graphene. The structures chosen for the studies have the center-to-shell distances (d Center-shell ) 2.39 Å, 2.33 Å, and 2.32 Å for Fe 13 , Co 13 , and Ni 13 , respectively, which gives the minimum energy. It has been reported earlier that Fe 13 has two magnetic states with energy separation of 29 meV. 25, 51 The high-spin state has a magnetic moment of 44 μ B /cluster (ferromagnetic), while the low-spin state has a magnetic moment of 34 μ B /cluster, where the center Fe atom has magnetic moment antiparallel to that of the twelve neighboring Fe atoms. 52 In contrast to Fe 13 , only one spin state with ferromagnetic alignment for all sites is found for Co 13 (31 μ B ) and Ni 13 (8 μ B ) . The high spin state of Fe 13 with 44 μ B was found to be more stable and has been used for the studies of adsorption of Fe 13 cluster on graphene sheets and graphene flakes as discussed in the following subsections.
B. TM 13 clusters on graphene sheet
The cluster with icosahedral geometry can be adsorbed on the graphene sheet with three possible orientations, namely, the vertex (top of atom) facing graphene, the bonding edge of surface atoms (bond site) facing graphene, or the triangular facet facing the substrate. Among these configurations, for Fe 13 and Ni 13 on graphene, the lowest energy structure has the triangular facet of the cluster facing the graphene, whereas for Co 13 on graphene an orientation with the edge site of the cluster facing the graphene sheet is found to be energetically most favorable. The optimized geometries for the stable configurations are shown in Fig. 1 . A complete relaxation for all atoms of TM 13 clusters deposited on graphene results in distortion of the icosahedral geometry with a slight appearance of the local distortion on the graphene substrate (approximately 1.4%, i.e., the C-C bond length increases from 1.43 Å to 1.45 Å).
Among three types of TM 13 clusters considered, the maximum distortion is observed for adsorbed Co 13 , where the center-shell distance (cluster radius) varies from 2.30 Å to 2.51 Å ( d Center-shell = 0.21 Å) as compared to that of the adsorbed Fe 13 and Ni 13 on graphene with d Center-shell values of 0.14 Å and 0.12 Å, respectively. The average center-shell distances for TM 13 clusters are reported in Table I .
Analysis of the TM-C bonds shows that three facet Fe atoms of the Fe 13 cluster facing the graphene sheet are bonded to six carbon atoms of a hexagonal ring of the graphene sheet. On the other hand for Co 13 , four Co atoms facing the graphene sheet have a tendency to form bonds with the C atoms. The orientation of the relaxed Co 13 is such that one of the four Co atoms is bonded to six C atoms of a hexagonal ring of graphene, with the average Co-C bond length of 2.15 Å. As a result of bonding of Co to several C atoms, the magnetic moment of the Co atom is reduced to 0.82 μ B , while the average magnetic moment for rest twelve Co atoms amounts to 1.68 μ B . The average Co-C bond length of Co atom bonded to three C atoms is the smallest with the value of 2.09 Å, while the two Co atoms bonded to two C atoms of graphene have an average bond length of 2.22 Å. On the other hand, the adsorbed Ni cluster on graphene sheet exhibits a similar structural pattern as observed for Fe. Details of the bonding feature can be seen in Fig. 1 . The C atoms which are close to the cluster slightly move from their positions in the direction perpendicular to the surface thereby generating a slightly concave (carbon atoms move away from the cluster) or convex (carbon atoms move towards the cluster) topology. The maximum displacement of the carbon atoms is observed for Co adsorbtion, where the carbon atoms move away from the cluster by almost 0.44 Å, similarly for Fe adsorption the carbon atoms move by 0.18 Å, both tending to form concave geometry. On the other hand, Ni adsorption leads to a convex topology, where the carbon atoms move almost 0.23 Å towards the Ni cluster. This observation is also reflected for 5-m graphene flake, as is discussed in Sec. III C in the following.
The binding strength between the cluster and graphene is given by the adsorption energy (E Ads ), which is defined as
Here, E Cluster Tot is the total energy of free TM cluster, E Graphene Tot is the total energy of (pristine or defective) graphene sheet or graphene flake, and E (Cluster+Graphene) Tot is the total energy of the cluster adsorbed on (pristine or defective) graphene sheet or graphene flake. The E Ads and magnetic moments for the deposited clusters are presented in Table I . Our results show large E Ads for Co 13 followed by Ni 13 clusters as compared to that of Fe 13 . This indicates that Fe 13 is weakly bound to the pristine graphene. Similar tendency has been also observed for Fe adatom on pristine graphene. 28 In order to study the adsorption of clusters on defective graphene, we first introduced point defect to the graphene sheet only with a single carbon vacancy in the lattice. The substrate when relaxed show local reconstruction of atoms around the defect for the atoms A, B, and C as shown in Fig. 2(a) . The structural distortion has characteristics of the Jahn-Teller (JT) effect, 53 where the system undergoes structural distortions accompanied by the removal of degeneracy of electronic states at the Fermi level. It must be emphasized that we have found two different types of JT distortions with different relaxation settings. In one case a constrained 
However, we could find another JT distorted structure for defect graphene via relaxation with complete freedom to the atomic movements (complete relaxation). In the latter case d BC was the shortest bond length. The energetics and bond lengths for both relaxation patterns are listed in Table II . The complete relaxed structure is about 3 meV/atom lower in total energy than the xy relaxed structure. The complete relaxed structure is in agreement with other DFT studies 31, [54] [55] [56] and the structure of defect graphene has been observed in experiments under the high resolution transmission electron microscope; see Fig. 3 (f) of Ref. 57 . The electronic DOS of defective graphene for the two different JT distortions together with the unrelaxed case is shown in Fig. 2(b) . The spin polarized DOS for unrelaxed defect graphene shows the states passing through the Fermi energy in both spin channels. After relaxation, the degeneracy is lifted due to the change in crystal field splittings which is a result of deviation from local symmetry due to reconstruction. The crystal field splitting appears more strongly on the nearest neighbor carbon atoms surrounding the vacancy (atoms marked A, B, and C in Fig. 2(a) ) for both the relaxed geometry. The splitting is larger in case of the freely relaxed defective graphene. Figure 2 (b) also shows the exchange splitting between the majority and minority DOS due to the appearance of the magnetic moment for the complete relaxed defective graphene. The magnetic moment for the defective graphene sheet is found to be 1.60 μ B /supercell, which is consistent with previous studies 58 (the unrelaxed structure shows a magnetic moment of 1.18 μ B /supercell). The magnetic moment is spread nonuniformly on the atomic sites, with the carbon atoms close to the vacancy site having the largest magnetic moment with 0.40 μ B , while the magnetic moment on C atoms decreases rapidly as the distance from the vacancy site is increased with the carbon atoms reasonably far away from defect site having no magnetic moment. The appearance of magnetic moment in defective graphene is important, especially for studies of TM cluster adsorbed on defective graphene as the magnetic moment of defect graphene will interact and influence the magnetic moment of the TM clusters. The TM 13 clusters were deposited on to the graphene sheet with monovacancy defect and allowed to relax completely. Figure 3 shows the optimized structures of TM 13 clusters adsorbed on graphene with monovacancy defect. While Fe 13 and Ni 13 are found to be adsorbed in an orientation where one of the vertex atoms of the icosahedral cluster is bonded with the C atoms surrounding the monovacancy site of defective graphene, Co 13 , on the other hand, relaxes to a tilted orientation owing to its tendency to maximize Co-C bonds. The minimum and maximum bond lengths from the center to the surface atom in Ni 13 cluster are 2.24 Å and 2.51 Å, respectively, giving a variation ( d Center-shell ) of 0.27 Å. While, for Fe 13 and Co 13 the d Center-shell are 0.26 Å and 0.22 Å, respectively. This tendency is opposite to that observed for TM 13 adsorbed on pristine graphene where Co 13 shows the maximum distortion (previously mentioned). The average centershell distances for all cases considered are listed in Table I . In addition, the C atoms in the substrate which are close to the clusters show local distortions and are pulled towards the cluster which is most notable for the Co 13 adsorbed on defective graphene sheet.
The values for the E Ads and magnetic moments for these clusters are shown in Table I . We observe significant enhancement in the E Ads for TM 13 clusters on defective graphene as compared to that of the clusters adsorbed on pristine graphene because the dangling bonds of the three carbon atoms in the presence of a carbon vacancy are bonded to the TM 13 cluster, thereby resulting in the stability and lowering the total energy. The E Ads for Co 13 is found to be more as compared to Fe 13 and Ni 13 adsorbed on defective graphene sheet as observed for TM 13 adsorbed in pristine graphene sheet. This implies that Co 13 is strongly bound to the defect graphene sheet. Our calculated value of E Ads for Fe 13 on defective graphene is consistent with previously reported value. 31 We also observe a large charge transfer from cluster to graphene for the case of defective sheet which is 0.12e (Fe 13 ), 0.11e (Co 13 ), and 0.09e (Ni 13 ) as compared to that of the clusters adsorbed on pristine sheet which is 0.08e, 0.09e, and 0.05e for Fe 13 , Co 13 , and Ni 13 , respectively. The amounts of charge on both cluster and graphene are listed in Table I using the Bader charge  analysis. 59, 60 The average Bader charges on clusters q B TM are calculated on the TM atoms close to the graphene substrate forming the nearest neighbor TM-C bonds, similarly, The symbols diamond, circle, down triangle, square, and up triangle are denoted for pristine graphene sheet, graphene sheet with monovacancy, pristine graphene flake, 5-m graphene flake, and 7-m graphene flake, respectively. The light (yellow) and grey (cyan) fillings of the symbols represent cases for graphene sheet and graphene flakes, respectively. The black line for each case indicates the total energy differences for the free clusters which are multiplied by a factor of five, three, five, respectively, for Fe, Co, and Ni, in order to match the y-axis range.
the average charge on C-atoms q B C are calculated for those C-atoms bonded to the TM atoms. Figure 4 shows the energy difference ( E) obtained with respect to the minimum energy versus the spin moment for various cases of TM 13 adsorbed on graphene using the fixed spin moment method. The diamond and circle compare the TM 13 adsorption on pristine and defective graphene sheet, respectively. The magnetic moments of the adsorbed TM 13 clusters on pristine and defective graphene are found to be reduced with respect to their corresponding free clusters for Fe and Co. For example, the total magnetic moment for adsorbed Fe 13 on pristine graphene is found to be 39 μ B , which is 5 μ B lower than the magnetic moment of free Fe 13 cluster with value 44 μ B /cluster. A larger reduction of magnetic moment is found for Co 13 (where the total magnetic moment is reduced by 10 μ B , i.e., from 31 μ B to 21 μ B ), while for Ni 13 the magnetic moment remains unchanged. The reduction of magnetic moment on TM 13 adsorbed on defective graphene is relatively more than the corresponding pristine case, i.e., the total magnetic moment is reduced by 8 μ B , 12 μ B , and 2 μ B for Fe, Co, and Ni clusters, respectively. This is due to the fact that the dangling carbon atoms in the defect graphene are strongly hybridized with the d-states of the cluster atoms, thereby reducing the magnetic moment. The magnetic moment of the vertex atom for Fe 13 and Ni 13 adsorbed on defective sheet has lower magnitude. They are estimated to be 0.45 μ B and 0.05 μ B in comparison to 2.75 μ B and 0.53 μ B for the average magnetic moment of rest twelve atoms for Fe 13 and Ni 13 , respectively. In fact, the magnetic moments of Ni atoms vary from 0.44 μ B to 0.80 μ B (except the vertex atom facing graphene surface) depending on how far the atoms lie from the graphene surface. In case of Co 13 cluster deposited on defective graphene, we find that two atoms which are close to the graphene surface have significantly low magnetic moment with values 0.12 μ B and 1.01 μ B which are aligned antiparallel to each other. The average magnetic moment per Co atom for other atoms in the cluster amount to 1.66 μ B . We observe induced magnetic moment on the C atoms in the graphene sheet. The induced magnetic moment has a value of 0.23 μ B for adsorbed Fe 13 , 0.12 μ B for adsorbed Co 13 , and 0.05 μ B for adsorbed Ni 13 on graphene. Similar effects have been previously observed for adatoms adsorbed on graphene. 27 The value of the magnetic moments for TM 13 adsorbed on pristine and defective graphene are tabulated in Table I. A recent theoretical study by Gao et al. 61 for Ni clusters (up to nine atoms) adsorbed on monovacancy defect graphene has shown that the ground state geometry of Ni cluster is a configuration where one of the Ni atoms lies at the other side of graphene sheet than the rest of the atoms in the cluster. In order to check whether 13-atom icosahedral clusters also prefer such type of distribution of atoms as a low-energy structure, we performed additional calculations where we deliberately moved the vertex atom of the cluster facing the graphene sheet with monovacancy to the other side of the surface. Thus one adatom and a twelve atom cluster lie on two sides of the graphene sheet facing each other through the monovacancy defect. After performing the structural optimization, the total energies are compared with the case of 13-atom icosahedral cluster adsorbed on one side of the defected graphene sheet which have been systematically used in the present study. We find that clusters on one side of the graphene sheet are energetically more favorable than the case where one atom of the cluster lies on the opposite side of the sheet. The energy difference amounts to 84.41 meV/atom, 33.36 meV/atom, and 19.62 meV/atom for Fe, Co, and Ni, respectively. The relaxed structures of TM clusters with one of the TM atoms lying on the opposite side of graphene surface show that the adatom is bonded to the three C atoms of the substrate surrounding the monovacancy. The relaxation of rest twelve atoms is significant for Ni which undergoes a lateral displacement such that one of the vertex atoms is bonded to the three carbon atoms surrounding the monovacancy. This leads to the formation of one Ni-Ni bond between the Ni atoms placed on the opposite side of the graphene sheet through the vacancy region. This is unlike the Fe and Co clusters, where the twelve atom clusters were observed to have closed geometry. While the total magnetic moment of Co 13 cluster did not change, the total magnetic moment of Fe 13 cluster is reduced by 4 μ B to a value of 32 μ B , while the total magnetic moment of Ni 13 cluster is increased by 2 μ B to give 8 μ B (compare the total magnetic moment for the cluster adsorbed on one side of defective graphene sheet from Table I ).
C. Clusters on 5-m and 7-m graphene flakes
In addition to clusters supported on graphene sheet, we have studied the adsorption of TM 13 clusters on graphene flakes. The graphene flakes consist of finite chunks of graphene and are passivated with H at the edge carbon atoms, which we name as pristine graphene flake. In order to study the role of defects in the graphene flakes on the adsorption of TM 13 clusters, we consider the pentagonal and heptagonal structural defects, namely, 5-m and 7-m graphene flakes. The hydrocarbon clusters with C 54 H 18 , C 45 H 15 , and C 63 H 21 are considered in our studies for the pristine, 5-m and 7-m graphene flakes, respectively.
For clusters on pristine graphene flake, the optimized structures of Fe 13 and Ni 13 are shown in Fig. 5(a) (owing to the similarity in geometry, they are shown in one figure) and that of the Co 13 in Fig. 5(b) . The structural configurations are similar to that of the respective TM 13 clusters adsorbed on pristine graphene sheet (refer Fig. 1 ). Similar to that of the pristine graphene sheet, Co 13 is adsorbed on pristine graphene flake with an orientation where one of the Co atoms is bonded to six C atoms of a hexagonal ring of the graphene flake. As a result, the magnetic moment of the Co atom is reduced to a value 0.63 μ B as compared to the average magnetic moment of other twelve Co atoms as 1.69 μ B /atom. Such drastic reduction of atomic moment of one of the atoms is not observed for Fe 13 adsorbed on graphene flake, while for Ni 13 , the atomic magnetic moment varies from 0.35 μ B to 0.83 μ Bthe farther the Ni atom from the surface of graphene flake, the larger is the magnetic moment. These tendencies are similar to TM 13 adsorbed on pristine graphene sheet. The E Ads and magnetic moments of these clusters on both 5-m and 7-m graphene flakes are listed in Table I . It shows that the E Ads for TM 13 clusters is enhanced for the defect graphene flakes compared to that of the pristine graphene flake. The optimized structures for clusters on graphene flakes (pristine and defective) are shown in Fig. 5 . TM 13 clusters on 5-m graphene flake have a large binding strength compared to those of on 7-m graphene flake for Fe and Co. Similar trends have been observed from DFT for Pt 13 and Au 13 clusters adsorbed on 5-m and 7-m graphene flakes. 62 However, Ni 13 shows an opposite behavior where the E Ads of Ni 13 on 7-m graphene flake is en- hanced relative to the 5-m graphene flake. This is attributed to the different structural changes and the bending behavior of the 5-m graphene flakes. The adsorption of TM 13 clusters on 5-m graphene flake results in two different bending trends, namely, the concave geometry (where the 5-m graphene flake bends towards the cluster allowing for maximum coordination of the carbon atoms) and the convex geometry (where the 5-m graphene flake bends away from the cluster). The energetics and magnetic moments for the concave and convex geometries of TM 13 clusters are listed in Table III . For Fe 13 and Co 13 , it is found that the concave geometry is energetically more favorable, whereas for Ni 13 the convex geometry is more favorable. Moreover, a reduction in the total magnetic moment is observed for Fe 13 and Co 13 clusters on 5-m graphene flake, whereas for Ni 13 the moment remains unchanged with respect to the free Ni 13 cluster. Among the adsorbed clusters on graphene flakes, Fe 13 and Co 13 are strongly bound to the 5-m graphene flake with the E Ads values of 2.81 eV and 4.31 eV, respectively, while Ni 13 is strongly bound to 7-m graphene flake with binding energy of 3.73 eV. The optimized geometry of TM 13 on 7-m graphene flake is similar, which is shown in Fig. 5(e) . Due to the topology of the 7-m graphene flake, there is a possibility for the higher coordination of C atoms around the TM atoms. We find that the average nearest neighbor bond length of Fe-C, Co-C, and Ni-C are 2.18 Å, 2.10 Å, and 2.05 Å, respectively. The plots in Fig. 4 show that the magnetic moment of TM 13 clusters on defect sheet can be sensitive to the surrounding environment and the external magnetic fields as the energy differences for slight deviation of magnetic moment from the low energy magnetic states are rather low. Fe allows for the change in magnetic moment of about 4 μ B (32 μ B /cluster to 36 μ B /cluster, roughly), similarly, Co allows for 2 μ B (19 μ B /cluster to 21 μ B /cluster, roughly) and Ni allows 2 μ B (6 μ B /cluster and 8 μ B /cluster, roughly). On the other hand, the magnetic moment changes for TM clusters deposited on pristine and defective graphene flakes are associated with large changes in total energies. This suggests that the TM cluster-graphene flake system can be treated as system with giant spins. Large magnetic moment and high magnetic anisotropy are requisite for technological applications. Keeping this in mind, we calculated the magneto-crystalline anisotropy by considering the contribution due to spin-orbit coupling. We have obtained magnetic anisotropy energy of 1.126 meV for Ni 13 cluster on convex 5-m graphene flake, which is several orders of magnitude higher than Ni bulk (2.7 μeV/atom). The orbital moments along the easy and hard axes are found to be 0.98 μ B and 0.96 μ B , respectively. Bader charge (q B ) analysis of average atomic charges on the TM atom and on C atom shows that there is a transfer of electronic charges from the TM atoms of cluster to the C atoms of graphene. The results are tabulated in Table I . It is observed that the amounts of charge transfer are slightly increased for Fe and Co clusters adsorbed on 5-m and 7-m graphene flakes as compared to Fe and Co clusters adsorbed on pristine graphene flake. An opposite tendency is observed in case of Ni cluster adsorbed on 5-m and 7-m graphene flakes as compared to Ni cluster adsorbed to pristine graphene flake where the charge transfer decreases. For all the cases of TM adsorbed on various types of graphene substrates, the E Ads is found to be proportional to the charge transfer from the TM atoms of the cluster to the carbon atoms of graphene. As observed from Table I , we note that although the E Ads varies in the order of E Ads (pristine flake) < E Ads (7-m flake) < E Ads (5-m flake), for Fe and Co clusters, the magnetic moments do not follow similar trend. This is because of the structural orientation of Co 13 , where the vertex Co atom has very low magnetic moment due to the bonding with six C atoms form a hexagonal ring of pristine graphene flake. Similar structural orientation is also found for Co 13 adsorbed on pristine graphene sheet, which is already discussed.
In order to analyze the variations in the magnetic moment for Fe 13 , Co 13 , and Ni 13 clusters deposited on the 5-m graphene flake between the two curvatures and the preference of the convex shape for Ni 13 , we have plotted the site and the orbital projected DOS for the lowest energy structures for Fe 13 and Co 13 (cluster on concave 5-m graphene flake) in Fig. 6 . For Ni 13 , the corresponding DOS for the concave and convex configurations are plotted in Fig. 7 . We first consider the concave geometries for all the clusters. Note that the mixing between the C p-states and the TM d-states changes with the elemental species of the cluster. The mixing is strongest for Co 13 and weakest in case of Ni 13 . In fact, the width of the d-states is the lowest for the case of Ni 13 . A change from convex to concave bending is expected to alter the mixing between the carbon p-states and the TM d-states (carbon s-states are deeper in energy). In particular, any change in the mixing with the d-states is expected to change the magnetic moment. In view of the large hybridization, the change is expected to be maximum for the case of Co 13 and lowest for the case of Ni 13 . Our calculated values indeed confirm this as Co 13 undergoes a change in moment by 4 μ B as opposed to 2 μ B for the case of Fe 13 and no change in the case of Ni 13 . Figure 7 also shows that the convex shape allows a slightly better mixing between the C p-states and Ni d-states than the concave shape. The better mixing is consistent with the change in curvature to convex curvature for the case of Ni 13 .
IV. SUMMARY
To summarize, we have examined the suitability of pristine graphene, defected graphene, pristine graphene flakes, and defected graphene flakes as support for transition metal clusters. Our investigations have been motivated by the fact that free clusters, while interesting, need to be supported for practical applications. The present investigations bring out three important features. First, the clusters are more strongly bound to the defected sheets and flakes indicating that the defected systems are needed for stabilizing the clusters. Second, the binding to the defected graphene (both sheets and flakes) does not reduce the cluster magnetic moment significantly compared to that of those on pristine sheet. For Fe 13 , the magnetic moment of the cluster deposited on 5-m graphene flake is 35 μ B only slightly reduced from the cluster deposited on pristine sheet, i.e., 39 μ B . On the other hand, Co 13 and Ni 13 undergo an enhancement of the magnetic moment as compared to that of the pristine sheet of values of 21 μ B /atom and 8 μ B /atom to 22 μ B /atom and 9 μ B /atom, respectively, even though the deposition entails binding with carbon sites. Finally, and surprisingly, the cluster deposition in the case of Ni 13 on 5-m graphene flake leads to a significant enhancement of the magnetic anisotropy by a factor of ∼420 times compared to the bulk value of 2.7 μeV/atom. This is particularly surprising since the conventional approach to enhance anisotropy is to deposit clusters on substrates such as Pt marked by high spin-orbit coupling. Here, the enhancement is mediated by carbon that is non magnetic with no significant spin-orbit coupling. One of the quantities of interest is the robustness of the magnetic moments. Figure 4 shows that the magnetic states on the 5-m graphene flakes are fairly robust as any change in magnetic moment involves a larger change in energy of the system. We hope that the present work will stimulate the experimental studies for clusters on graphene sheets and flakes to investigate the changes in magnetic moments and magnetic anisotropies.
